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(57) ABSTRACT 

A photocatalytic material having titanium oxide crystals and 
anions X incorporated therein, which is prepared by at least 
one of a method comprising Substituting anions X for Some 
of the oxygen Sites of titanium oxide crystals, a method 
comprising doping anions X between lattices of a titanium 
crystal and a method comprising doping grain boundaries of 
titanium oxide, or a combination of these method. The 
photocatalytic material has acquired a new energy level 
formed in a band gap of titanium oxide, which results in its 
exhibition of a photocatalytic activity by absorbing visible 
lights. The photocatalytic material can thus exhibit a Satis 
factory photocatalytic activity under Sunlight and also in a 
room with a fluorescent lamp. 

19 Claims, 6 Drawing Sheets 
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PHOTOCATALYTIC MATERIAL AND 
PHOTOCATALYTIC ARTICLE 

TECHNICAL FIELD 

The present invention relates to a photocatalytic material 
and a photocatalytic article employing a TiO2 crystal Sys 
tem. 

BACKGROUND ART 

Hitherto, known materials exhibiting a photocatalytic 
action include the likes of TiO, (titanium dioxide), CdS 
(cadmium Sulfide), WO (tungsten trioxide), and ZnO(Zinc 
oxide). These photocatalytic materials are semiconductors, 
absorb light to form electrons and holes, and present various 
chemical reactions and bactericidal actions. However, 
because titanium oxide is nontoxic and is Superior from the 
Standpoint of Stability to water and acid, So far only titanium 
oxide has been put to practical commercial use as a photo 
catalyst. 

However, because of the values of the band gap (Eg= 
3.2eV) of titanium oxide, the operating light of Such a 
titanium oxide photocatalyst is limited to ultraViolet light 
with a wavelength w-.380 nm. As a consequence, there 
remains an unfulfilled demand for development of materials 
which exhibit catalytic activity when irradiated with visible 
light with a wavelength of 380 nm or longer. These materials 
are desired, for example, for use indoors and for improving 
photocatalytic activity. 
AS described in Japanese Patent Laid-Open publication 

No. Hei 9–262482, by modifying materials using ion 
implanting of metal elements Such as Cr (chrome) and V 
(vanadium) in anatase type titanium oxide having a high 
catalytic activity, the light absorbing edge of titanium oxide 
can be shifted to the long wavelength Side to permit the 
operation of titanium oxide catalyst in Visible light. No 
reports discussing the doping of Cr, V, and So on have been 
published since the early 1970s which succeeded in oper 
ating under visible light. Japanese Patent Laid-Open publi 
cation No. Hei 9–262482 describes that operation under 
Visible light can be enabled through use of Special tech 
niques for doping Cr, V, and So on. 

Thus, in the above conventional example, the operation of 
TiO photocatalyst under visible light is made possible by a 
technique of ion implanting metal elements in TiO2. 
However, metal ion implantation is disadvantageous 
because of its high cost. While there is a demand for 
methods for manufacturing TiO photocatalyst, Such as by 
Synthesis in Solution or by Sputtering, when these methods 
are employed, the resulting photocatalysts can not be oper 
ated under Visible light. It is generally considered that this is 
because Cr of the dopant aggregates or forms oxides Such as 
Cr2O in a crystallization process. Thus, in the conventional 
examples, there is a problem that a technique of ion implant 
ing metal elements must be adopted in order for metal 
elements to be used to enable operation of TiO, under visible 
light. 

DISCLOSURE OF THE INVENTION 

It is an object of the present invention to provide a 
photocatalyst which can operate under Visible light by using 
novel materials and without using expensive techniques 
Such as ion implantation. 

In View of the above situation, the present inventors 
realized the present invention after conducting theoretical 
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2 
Study of State density and optical physical properties using 
the first principle calculation as well as experimental Study 
of photocatalysts reacting to light in a wavelength region 
extending from ultraViolet through visible light. 

That is, the photocatalytic material according to the 
present invention comprises titanium compound Ti-O-X 
obtained by at least one of Substituting an anion X at a 
plurality of oxygen Site of titanium oxide crystals, doping an 
anion X between lattices of a titanium oxide crystal, and 
doping an anion X in grain boundaries of polycrystalline 
aggregate of titanium oxide crystal. 
AS a product of the above, a photocatalyst which exhibits 

photocatalytic activity after absorbing visible light can be 
obtained. Thus, the photocatalyst can exhibit Satisfactory 
photocatalytic activity even under Solar or fluorescent light. 

Moreover, it is preferable in the Ti-O-X of the present 
invention that the anions be an element or molecule con 
taining at least one of B, C, P, S, Cl, AS, Se, Br, Sb, Te, and 
I. With these anions X, a new energy band is formed within 
the band gap of titanium oxide, permitting absorption of 
visible light. 

Still further, it is preferable in the Ti-O-X of the 
present invention, that there be a chemical bond between 
titanium Ti and anions X. This results in charge-transfer 
between Ti and X and formation of an energy band, permit 
ting efficient absorption of visible light. 

Furthermore, it is preferable that TiO crystals are formed 
on the external Surface side of Ti-O-X of the present 
invention. With Such a configuration, internal photocatalytic 
materials are able to absorb visible light to produce electrons 
and holes, with a result that photocatalytic action is exhib 
ited by the TiO crystals at the surface. The resulting 
photocatalyst can use visible light as operating light with 
maintaining functionality similar to conventional TiO pho 
tocatalysts. For example, this constitution is very advanta 
geous for decreasing the contact angle of water to realize a 
hydrophilic property. 

Moreover, it is suitable that the Ti-O-X of the present 
invention be mainly oriented along the C axis direction at its 
Surface. This constitution permits efficient light absorption at 
the Surface because of anisotropy of optical absorption 
characteristics of photocatalytic materials. 

In addition, as the crystalline phase of Ti-O-X to 
realize these characteristics, any combination of Single 
crystals, polycrystals, or amorphous Ti-O-X may be 
used. However, Single crystals and polycrystals tend to 
exhibit a greater photocatalytic activity than does amor 
phous Ti-O-X. 

Further, in the Ti-O-X photocatalyst of the present 
invention, any crystal form of anatase, rutile, and brookite 
may be employed as the basic crystal. 

BRIEF DESCRIPTION DRAWINGS 

FIG. 1 is a view showing the state density of Ti-O-X. 
FIG. 2 is a view showing the level of the p state of various 

atoms measured from the level of the 2p state of O atom 
obtained by using FLAPW process. 

FIG. 3 shows the constitution of an Embodiment 1. 

FIGS. 4(a) and 4(b) are views showing the crystalline 
phase of titanium oxide. 

FIGS. 5(a) and 5(b) are views showing the energy depen 
dency of the imaginary part of a dielectric constant function. 

FIGS. 6(a) and 6 (b) are views showing an Embodiment 
3 of gradient composition. 
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BEST MODE FOR CARRYING OUT THE 
INVENTION 

Embodiment 1 
From a theoretical Study of electronic State, density of 

State, and optical characteristics using the first principle 
calculation, the present inventors realized that the titanium 
oxide Semiconductor containing anions X of the present 
invention forms a new level (energy band) contributing to 
absorption of Visible light in the band gap of titanium oxide. 
More specifically, electronic State and optical character 

istics were evaluated using TiO7Xos unit cell Substitut 
ing anions X for Some of the oxygen Sites of anatase titanium 
oxide by FLAPW (full-potential linearized-augumented 
plane-wave) process, which is a principle calculation 
method. 

FIG. 1 shows density of state (DOS) values calculated for 
semiconductor Ti-O-X. In this example, F, N, C, B, S, 
and P were adopted as anions X and the calculation results 
for these materials are shown. 

Thus, it was found that the position at which the impurity 
level is formed varies with Substitution Species and corre 
lates with the ionicity of these Substitution Species. Here, a 
valence band that rises on the minus side from energy 0 eV 
in each density of state in this FIG. 1, a conduction band of 
titanium oxide rises up on the plus Side from the vicinity of 
2.5 eV, and the interval between them corresponds to a band 
gap. Because the reduction level of water is in the vicinity 
of the conduction band of titanium oxide, it is desirable to 
design a narrow band gap by raising the Valence band 
towards the conduction band of titanium oxide by forming 
the new impurity level at around the Valence band, rather 
than the around conduction band, of titanium oxide. 

Hence, it is found that nitrogen N and sulfur S are 
desirable as anions X from the standpoint of smooth hybrid 
ization of impurity levels and the titanium oxide band. 
However, in addition, it is found that visible light operation 
is possible also for boron B, carbon C, and phosphorus P 
because absorption takes place in the Visible light region. 

Further, the results of these density of State Studies con 
firmed that approximately similar results are obtained in a 
unit cell containing anions X at lower concentration Such as 
TiOssXo12 and So on. 

The variation of the electronic state of titanium oxide due 
to substitution of these anions X is mainly attributed to the 
difference of atomic levels between O and anions X for 
titanium atom. FIG. 2 shows the levels of the p state of 
various atoms measured from the levels of the 2p state of O 
atom obtained using the same FLAPW process. A compari 
son with the results shown in FIG. 2, considering that the 
valence band of titanium oxide is mainly formed by the O2p 
state in the density of state of FIG. 1, reveals that the 
impurity levels for the band of titanium oxide are qualita 
tively consistent with the atomic level of the p state. That is, 
in both cases the order of B->C->N->(valence band)->F is 
maintained and the levels of C and P and those of N and S 
appear near the same respective positions. 

Then, also for Cl, AS, Se, Br, Sb, Te, and I, the levels are 
present at nearer positions. Therefore, it can be seen from the 
results shown in FIG. 2 that visible light operation is 
possible because absorption in the visible light region Simi 
larly occurs also for Cl, AS, Se, Br, Sb, Te, and I as anions 
X. 
As described above, it is important that a T-X bond for 

charge-transfer is present between Ti and X in order that the 
position of the atomic level of anions X for titanium atom is 
reflected in an impurity level. Then, the anions X may be 
those Substituting oxygen as well as those in which anions 
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4 
X are present in crystal lattices in an interstitial Site or 
crystalline boundaries, or a combination of these. Moreover, 
anion containing effects of the present invention can be 
obtained when anions X are Single elements Such as B, C, P. 
S, Cl, AS, Se, Br, Sb, Te, and I, or a combination of these 
elements, or in a molecular State containing oxygen and 
hydrogen. 

Furthermore, although in the above example anion con 
taining effects were calculated for the crystal lattice of 
anatase type titanium, Similar effects can be obtained with 
rutile, brookite, and amorphous titanium oxides containing 
anions. 

Here, FIG. 3 is a view showing the constitution of an 
Embodiment 1 in which Ti-O-X film 12 of a photocata 
lytic material is formed on a SiO2 substrate 10. This 
Ti-O-X film 12 is prepared by at least one of a method 
comprising Substituting anions X for Some of the oxygen 
Sites of titanium oxide crystals, doping anions X in an 
interstitial Site of titanium oxide crystal, doping anions X in 
grain boundaries of polycrystalline aggregate of titanium 
oxide crystal, or a combination of these methods. 

FIG. 4(a) shows rutile type titanium oxide crystals and 
FIG. 4(b) shows the crystalline unit lattices of anatase type 
titanium oxide. In these figures, Small and large O show Ti 
and O, respectively. Ti-O-X is formed by Substitution of 
X for a part of this O or by doping anion X in the interstitial 
Site within crystals or grain boundaries of titanium oxide 
crystals. 
An example manufacturing process for producing Such a 

photocatalytic material will be described. In this example, 
Ti-O-X film 12 is manufactured by RF magnetron sput 
tering. 
SiO substrate 10 and titanium oxide target (or Ti-X, 

target for example Ti-S) are set in the vacuum chamber of 
a RF magnetronsputtering device. Then, an appropriate 
amount of gas containing anions X (for example, SO2+O), 
gas, and an inert gas (for example Argas) are introduced into 
the vacuum chamber to conduct sputtering. Ti-O-X film 
12 is accumulated on SiO, Substrate 10. Moreover, as the 
Substrate 10, Various materials. Such as ceramic can be 
utilized. 

Further, after deposition of Ti-O-X film 12 by 
Sputtering, heat treatment (annealing) is performed for crys 
tallization. Although Simple film deposition yields an amor 
phous Structure containing polycrystals, it is possible by heat 
treatment to attempt poly- and Single-crystallization and 
further to form chemical bonds between titanium and anions 
X. Moreover, heat treatment after depositing film may also 
be omitted by forming Ti-O-X film 12 with heating the 
SiO substrate 10. 

Furthermore, although in the above example, Ti-O-X 
as a photocatalytic material in the form of a thin film was 
described, Ti-O-X can be applied not only in a thin film 
but can also be included in binder materials for painting Such 
as Silica, alumina, fluororesin (polytetrafluoroethylene), 
those containing nitrogen, and compound complexes of 
them in which fine grain Ti-O-X based Ti-O-X is 
mixed and in Silica, alumina, fluororesin or those containing 
nitrogen, or those containing nitrogen, or compound com 
plexes of them used as internal base materials, on the whole 
Surface of which, or on Some portion of the external Surface 
of which, Ti-O-X is formed. 

Furthermore, it is possible for Ti-O-X to be prepared 
by various methods of preparing fine grain, a Solgel method, 
and a chemical reaction method with the above manufac 
turing process as a base. 
Embodiment 2 
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FIG. 5(a) and FIG. 5(b) show energy E (eV) dependency 
of the imaginary part of dielectric constant function (e2xy, 
e2Z) obtained by calculation. Here, FIG. 5(a) shows energy 
dependency in the Xy direction (vertical direction to Caxis) 
for titanium oxide crystals, while FIG. 5(b) shows depen 
dency in the Z direction (C axis direction). 

This imaginary part of dielectric constant function corre 
Sponds to the wavelength dependency of optical absorption 
characteristics. In both Ti-O-N and Ti-O-S, absorp 
tion ends are shifted to the lower energy side, that is, the side 
of wavelengths longer than those of titanium oxide. This 
result indicates that visible light operation is possible by 
performing Substitution of one of or both of N and S in 
titanium oxide. Moreover, it was found from the difference 
between FIG. 5(a) and FIG. 5(b) that optical anisotropy is 
strong in both titanium oxide and Ti-O-X (X=N or S), 
and it was found from this result that dependency of pho 
tocatalytic activity on a crystal face is strong. 

Thus, the absorption end especially in the xy direction is 
noticeably shifted to the visible light region. It can be seen 
from this that the photocatalytic article Ti-O-X of the 
present invention is Suitable when the Surface structure is 
mainly oriented in the direction along a C axis. Because light 
Vertically incident to the Surface has components of an 
electric field in propagation and vertical direction (the 
direction vertical to the surface), visible light can be effi 
ciently absorbed because of light absorption characteristics 
in the Xy direction in FIG. 5(a) if the surface is oriented 
along the direction of the C axis. 
Embodiment 3 

FIGS. 6(a) and (b) show the constitution of an Embodi 
ment 3. In FIG. 6(a), Ti-O-X film 12 is formed on the 
SiO, Substrate 10, and TiO film 14 is formed thereon. 
Moreover, although in the figure, laminated structure of two 
layerS is shown, the boundaries of both become indistinct in 
the course of heat treatment or the like, resulting in a 
constitution wherein S gradually decreases toward the sur 
face. That is, TiO/Ti-O-X film of gradient composition 
is formed in which the density of Satom is less nearer to the 
Surface, and in which TiO is exposed at the outmost surface, 
though it is also possible to maintain a distinct boundary 
between the Ti-O-X and TiO films. 

Such a TiO2/Ti-O-X film can be prepared, for 
example, as follows. First, as a target, Ti, TiO, or TiS 
(titanium Sulfide) is used and Sputtering is conducted in 
SO+O+inert gas (for example, Ar) to form the Ti-O-X 
film. Subsequently, TiO film is prepared by deposition and 
heat treatment (for example, 550° C., two hours). Moreover, 
it is also possible to form TiO/Ti-O-X film of gradient 
composition by another manufacturing process. 
Furthermore, TiO/Ti-O-X film may be in granular form. 

Moreover, gradient composition can be produced not only 
by heat treatment after lamination layer formation of 
Ti-O-X and TiO films, but also by changing the gas 
composition in an atmosphere according to the deposition 
state of the film. That is, it is possible to form TiO, on the 
Surface Side by gradually decreasing the N partial pressure 
of the atmosphere during deposition. 
Ti-O-X is a semiconductor which absorbs visible light 

to produce electrons and holes and exhibits a photocatalytic 
activity through use of visible light as an operating light. 
Accordingly, the photocatalyst of this embodiment of gra 
dient composition TiO/Ti-O-X exhibits a photocatalytic 
activity similar to that of the TiO film while using visible 
light as the operating light. 

That is, visible light is absorbed in the Ti-O-X region 
(Ti-O-X film 12) near the substrate 10 to produce elec 
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6 
trons and holes which are supplied to TiO, (the TiO film 
14). In this manner, photocatalytic activity is exhibited at the 
surface of the TiO film 14. 

Hence, in the TiO2 film, similar to the conventional 
example, photocatalytic activity is produced using visible 
light as operating light. Because comparison of hydrophilic 
property (contact angle 0) of Ti-O-X and TiO films 
shows that the TiO film is Superior, improvement in hydro 
philic property by the TiO film may be sought under visible 
light. That is, with the configuration of this embodiment, it 
is possible for hydrophilic property to be exhibited under 
irradiating irradiation of only visible light and to improve 
the long-term hydrophilicity compared to that of the TiO, 
film. 

Furthermore, it is suitable that the TiO/Ti-O-X pho 
tocatalyst of gradient composition, as shown in FIG. 6(b), be 
in the form of a grain having Ti-O-X part 22 on the inside 
and TiO2 part 24 on the outside. It is suitable that such a 
photocatalyst in the form of a grain be mixed in a binder for 
paints and utilized like paint. 

Moreover, the photocatalytic materials of the present 
invention may be utilized not only in the form of a thin film, 
but also in various forms such as particles and particle-based 
binder materials. These various forms of Ti-O-X can be 
prepared by methods such as various method of preparing 
thin films, various method of preparing particles, sol gel 
methods, chemical reaction methods, treatment in plasma 
containing anion species X, and ion implantation of anions 
X, in addition to the Sputtering method described in the 
example embodiments. 
AS explained above, according to the present invention, 

through a method comprising by at least one of substituting 
anions X for Some of the oxygen sites of titanium oxide 
crystal, doping anions X in an interstitial site of a titanium 
oxide crystal, doping anions X in grain boundaries of 
titanium oxide, or by a combination of these methods, 
anions X are introduced and trapped in titanium oxide 
crystals and, as a result, a new level is formed in the band 
gap of titanium oxide. Thus, a photocatalyst may be obtained 
which exhibits a photocatalytic activity under visible light, 
and Satisfactory photocatalytic activity can be obtained even 
under Solar or fluorescent light. 

INDUSTRIAL APPLICABILITY 
Defogging and proofing against the effects of organic 

Substance decomposition can be obtained by forming the 
present invention on various Surfaces. 
What is claimed is: 
1. A photocatalytic material exhibiting a photocatalytic 

action when exposed to light with a wavelength in the region 
of ultraViolet light and visible light, comprising a titanium 
compound Ti-O-X obtained by at least one of: 

Substituting an anion X for a plurality of oxygen sites of 
titanium oxide crystals, 

doping an anion X between lattices of a titanium oxide 
crystal, and 

doping an anion X in grain boundaries of titanium oxide 
aggregate. 

2. The photocatalytic material according to claim 1, 
wherein Said anion X is at least one element selected from 
the group consisting of B, P, S, Cl, As, Se, Br, Sb, Te, and 
I, or a molecule containing at least one of these elements. 

3. The photocatalytic material according to claim 1, 
wherein a chemical bond is present between titanium Ti and 
an anion X. 

4. A photocatalytic article comprising the photocatalytic 
material according to claim 1 and a titanium oxide crystal 
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containing no anions X, formed on the external Surface of 
the photocatalytic material. 

5. A photocatalytic article comprising the photocatalytic 
material according to claim 1, wherein the photocatalytic 
material is oriented, on its Surface, along the C axis direction 
of the crystal. 

6. The photocatalytic material according to claim 2, 
wherein a chemical bond is present between titanium Ti and 
an anion X. 

7. A photocatalytic article comprising the photocatalytic 
material according to claim 2 and a titanium oxide crystal 
containing no anions X, formed on the external Surface of 
the photocatalytic material. 

8. A photocatalytic article comprising the photocatalytic 
material according to claim 3 and a titanium oxide crystal 
containing no anions X, formed on the external Surface of 
the photocatalytic material. 

9. A photocatalytic article comprising the photocatalytic 
material according to claim 6 and a titanium oxide crystal 
containing no anions X, formed on the external Surface of 
the photocatalytic material. 

10. A photocatalytic article comprising the photocatalytic 
material according to claim 2, wherein the photocatalytic 
material is oriented, on its Surface, along the C axis direction 
of the crystal. 

11. A photocatalytic article comprising the photocatalytic 
material according to claim 3, wherein the photocatalytic 
material is oriented, on its Surface, along the C axis direction 
of the crystal. 
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12. A photocatalytic article according to claim 4, wherein 

the photocatalytic material is oriented, on its Surface, along 
the C axis direction of the crystal. 

13. A photocatalytic article comprising the photocatalytic 
material according to claim 6, wherein the photocatalytic 
material is oriented, on its Surface, along the C axis direction 
of the crystal. 

14. A photocatalytic article according to claim 7, wherein 
the photocatalytic material is oriented, on its Surface, along 
the C axis direction of the crystal. 

15. A photocatalytic article according to claim 8, wherein 
the photocatalytic material is oriented, on its Surface, along 
the C axis direction of the crystal. 

16. A photocatalytic article according to claim 9, wherein 
the photocatalytic material is oriented, on its Surface, along 
the C axis direction of the crystal. 

17. A photocatalytic article comprising the photocatalytic 
material according to claim 1, formed on a Substrate. 

18. The photocatalytic article according to claim 4, 
wherein the boundary between the photocatalytic material 
and the titanium oxide crystal is indistinct, whereby the 
concentration of anion X gradually decreases toward the 
Surface. 

19. The photocatalytic material according to claim 1, 
which is in the form of a particle. 


